We investigate the linear and nonlinear electric polarizabilities of small Al 4 M 4 (M=Li, Na and K) clusters. Quantum chemical calculations reveal that these compounds exhibit an exceptionally high magnitude of linear and nonlinear optical (NLO) coefficients which are orders of magnitude higher than the conventional π-conjugated systems of similar sizes. We attribute such phenomenal increase to non-centrosymmetricity incorporated in the systems by the alkali atoms surrounding the ring leading to charge transfer with small optical gap and low bond length alternation (BLA). Such a low magnitude of the BLA from a different origin, suggests the possibility that these clusters are aromatic in character and along with the large NLO coefficients they appear to be better candidates for next generation NLO fabrication devices.
The development of materials with large nonlinear optical (NLO) properties is a key to controlling the propagation of light by optical means. In particular, the response of the materials to the application of the electric field has found tremendous applications in designing materials for NLO devices [1] .
These devices are being used in numerous applications, from lasers to optical switches and optoelectronics. The NLO properties of organic π-conjugated materials have been studied in great details in the last few decades [2, 3] .
The second and third order non-linear optical properties, β and γ for the π-conjugated polymers increase with the conjugation length (L) roughly as L 3 and L 5 respectively [4] . Therefore, the general strategy to model NLO materials has been to increase the conjugation length. However, there exist an upper limit for every off-resonant susceptibilities [5] . Alternatives to these π-conjugated compounds are yet to be explored theoretically in a detailed fashion. But, with the gaining popularity of various ab-initio level methods [6] , there has been a tremendous impetus in investigating the structure and electronic properties of both homogeneous and heterogeneous small clusters in recent years [7, 8] .
Small Al 4 rings like Al 4 M 4 and their anions Al 4 M − 3 , M=alkali metals, have been a subject of current interest [9, 10] because of their unique characteristics and close structural resemblance with the C 4 H 4 . However, although C 4 H 4 is an anti-aromatic species, these Al 4 -clusters are recently reported to be σ aromatic [11] . Thus, it would be interesting to ask whether these rings are better polarized than their organic counterpart; whether the structural characteristics has any role in their polarization response functions. Organic π-conjugated systems are stabilized due to π-electron delocalizations, while the inorganic metal complexes reduce their energy through strong charge transfer. There have been no previous efforts to study in details the NLO properties of these all-metal clusters. We describe in the following that these metal clusters offer a unique polarization response due to their ionic character, contrary to conventional π-conjugated systems, leading to large optical coefficients.
We begin our calculations by optimizing the ground state geometries of the Al 4 -clusters (Al 4 Li 4 , Al 4 Na 4 and Al 4 K 4 ). All the optimizations have been done using the 6-31G(d,p) basis set. Electron correlation has been included according to the DFT method using Becke's three parameter hybrid formalism and the Lee-Yang-Parr functionals (B3LYP) [12] available in the GAMESS [13] electronic structure set of codes. Since, we want to compare the optical properties of these small four-membered rings with their organic analogue C 4 H 4 , we start with a planar initial geometry for the optimizations.
We have varied the level of basis set from 6-31G(d,p) to 6-311G+(d) to ensure that these geometries correspond to the minima in the potential energy . These geometries are shown in Fig.2 . At the footnote of each structure, the corresponding ground state energies are given. It has however not escaped our attention that previous works on alkali derivatives of Al 4 -clusters have predicted more than one unique structures for these systems [14] .
This calls for a study to elucidate whether the optical properties for these Al 4 -clusters for different geometries are substantially different or are very similar.
Hence, both the geometries for each cluster were considered for computing the optical response functions.
These geometries were used to compute the SCF MO energies and then the spectroscopic properties using the Zerner's INDO method [15] . We have varied the levels of CI calculations, with singles(SCI) and multi-reference doubles CI (MRDCI), to obtain a reliable estimate of the second order optical response. The later method is particularly important since it includes correlation effects substantially. The MRDCI approach adopted here has been extensively used in earlier works, and was found to provide excitation energies and dipole matrix elements in good agreement with experiment [16, 17] .
As reference determinants, we have chosen those determinants which are dominant in the description of the ground state and the lowest one-photon excited states [18] . We report the MRDCI results with 4 reference determinants including the Hartree-Fock HF ground state. For each reference determinant, we use 5 occupied and 5 unoccupied molecular orbitals to construct a CI space with configuration dimension of 800 to 900. To calculate NLO properties, we use correction vector method, which implicitly assumes all the excitations to be approximated by a correction vector [19] . Given the Hamiltonian matrix, the ground state wave function and the dipole matrix, all in CI basis, it is straightforward to compute the dynamic nonlinear optic coefficients using either the first order or the second order correction vectors.
Details of this method have been published in a number of papers [20, 21, 22 ]. Charge transfer stabilizes the system with very small changes in the bond lengths. The chemical hardness, η, defined as, one half of (ionization potential-electron affinity), decreases as one moves from Li to K. More specifically, the η for Li, Na and K are 2.39eV, 2.30eV and 1.92eV respectively [23] .
So, the extent of charge transfer from the alkali atom to the Al 4 -ring should increase with the decrease in the chemical hardness of the alkali atoms which is evident from Table 1 to that of cyclooctatetraene, which undergoes a distortion from planar to tub-shaped geometry to minimize the ring-strain [24] . Thus, this structure of Al 4 K 4 is neither aromatic nor anti-aromatic but can be considered to be non-aromatic just like cyclooctatetraene. This is supported by the energies for the structures for Al 4 K 4 [1(c) and 2(c)]. The distorted structure is more stable than the planar structure. Thus, the steric repulsion for the four large K atoms overwhelms the stability of the planar undistorted aromatic Al 4 K 4 making the Al 4 K 4 cluster non-aromatic.
In Table 2 , the magnitudes of the ground state dipole moment, µ G , the linear(α), and nonlinear (β and γ) polarizabilities for the clusters are reported from the ZINDO calculations. Note that we report the magnitudes for the tumbling averagedᾱ,β andγ, defined as [25] 
where the sums are over the coordinates x, y, z (i, j = x, y, z) and β * i refers to the conjugate of β i vector.
The ground state dipole moment µ G andβ are zero for the C 4 H 4 and However, it is not the case for the insulating C 4 H 4 and C 6 H 6 which have zero polarization both in the ground and the optical excited states. Thus,β is zero for C 4 H 4 and C 6 H 6 .
The optically active states are the low-energy states of these metallic clusters and the lowest optical gap is about 0.07 au for Al 4 -clusters compared to 0.25 au for the C 4 H 4 and C 6 H 6 . Since the optical coefficients are inversely proportional to the optical gaps and proportional to the dipolar matrices, a large optical gap implies low magnitudes for the optical coefficients. C 4 H 4 has the highest magnitude of BLA and optical gap and the least charge transfer on the ring structure, thereby smallest magnitude ofγ. On the otherhand, although BLA is zero for C 6 H 6 due to complete π-electron delocalization, there is no charge transfer in the finite molecular structure leading to large optical gap and weak polarization. Consequently,γ is very less also for C 6 H 6 .
In contrast, the optical coefficients in general are quite large for the Al 4 -clusters. For example, theγ for the Al 4 -clusters are roughly 10 4 times more than that for C 4 H 4 and C 6 H 6 . This is because theγ is a third order property with 4 dipolar matrices in the numerator and 3 optical gaps in the denominator [26] . Table 2 and Table 3 ). For example, for ethylene, γ expt = 1504.9 au, for butadiene (n=2), γ expt = 4566.4 au and for hexatriene (n=3), γ expt = 14950.1 au [28] . Note that our calculations are done at a lower frequency compared to the laser frequency used in the experiment As discussed, the large NLO properties for Al 4 M 4 is due to the charge transfer from the alkali metals to the Al 4 ring. It will be thus of interest to compare these hetero atomic all-metal clusters with alkylated organic compounds such as lithiated benzene or organolithium and organosodium derivatives like C 8 H 6 Li 2 and C 8 H 6 Na 2 . These alkylated organic compounds also exhibit larger NLO coefficients. For example, γ(
GaN, GaP and GaAs [32] . These systems have higher gap than the Al 4 M 4 clusters so the NLO coefficients are smaller.
To conclude, our theoretical study shows that the small four membered
Al 4 -clusters functionalized with various metal cations provide an innovative route for selection of materials with very high nonlinear optical properties.
We believe that our study will motivate experiments on these Al-clusters.
Some of these compounds have already been well characterized from stable alloys [10] but laser evaporation is not sufficient to stabilize these materials for NLO experiment. One idea will be to stabilize these clusters in a sandwitch type geometry by incorporating a suitable transition metal ion [33] or solvents.
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